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Abstract

The assembly of FtsZ plays an important role in bacterial cell division. Mycobacterium tuberculosis
FtsZ (MtbFtsZ) has a single cysteine residue at position 155. We have investigated the role of the lone
cysteine residue in the assembly of MtbFtsZ using different complimentary approaches, namely
chemical modification by a thiol-specific reagent 5,59-dithiobis-(2-nitrobenzoic acid) (DTNB) or a
cysteine-chelating agent HgCl2, and site-directed mutagenesis of the cysteine residue. HgCl2 strongly
reduced the polymerized mass of MtbFtsZ while it had no detectable effect on the polymerization of
Escherichia coli FtsZ, which lacks a cysteine residue. HgCl2 inhibited the protofilamentous assembly of
MtbFtsZ and induced the aggregation of the protein. Further, HgCl2 perturbed the secondary structure of
MtbFtsZ and increased the binding of a hydrophobic probe 1-anilinonaphthalene-8-sulfonic acid (ANS)
with MtbFtsZ, indicating that the binding of HgCl2 altered the conformation of MtbFtsZ. Chemical
modification of MtbFtsZ by DTNB also decreased the polymerized mass of MtbFtsZ. Further, the
mutagenesis of Cys-155 to alanine caused a strong reduction in the assembly of MtbFtsZ. Under
assembly conditions, the mutated protein formed aggregates instead of protofilaments. Far-UV CD
spectroscopy and ANS binding suggested that the mutated MtbFtsZ has different conformation than that
of the native MtbFtsZ. The effect of the mutation or chemical modification of Cys-155 on the MtbFtsZ
assembly has been explained considering its location in the MtbFtsZ crystal structure. The results
together suggest that the cysteine residue (Cys-155) of MtbFtsZ plays an important role in the assembly
of MtbFtsZ into protofilaments.
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FtsZ is an essential cell division protein and is highly
conserved among prokaryotes (Margolin 2005; Michie
and Lowe 2006). FtsZ polymerizes to form protofilaments
and bundles in vitro (Mukherjee and Lutkenhaus 1994).

These protofilaments and bundles ultimately constitute
a ring-like structure at the mid cell, which is called the
Z-ring (Errington et al. 2003). The Z-ring is highly
dynamic in nature (Stricker et al. 2002) and the con-
striction of the Z-ring divides cell into two equal daughter
cells. A perturbation of FtsZ functions either by mutation
(Addinall et al. 1996) or by FtsZ-targeting agents (White
et al. 2002; Margalit et al. 2004; Beuria et al. 2005;
Jaiswal et al. 2007; Rai et al. 2007) has been shown to
cause an abnormal increase in the cell size, ultimately
leading to the inhibition of bacterial proliferation.

FtsZ is considered as the bacterial homolog of eukaryotic
cytoskeletal protein tubulin, because of their similarity in
structural folds and similar GTP binding signature motif
(Lowe and Amos 1998). Interestingly, Mycobacterium
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tuberculosis FtsZ (MtbFtsZ) has a single cysteine residue at
position 155, whereas no cysteine is present in its Escher-
ichia coli or Bacillus subtilis counterpart. Cysteine being a
free sulfhydryl-containing amino acid plays important roles
in the structure and function of various proteins. For
example, tubulin has 20 cysteine residues spread through-
out the heterodimers; 12 cysteine residues are present in a-
tubulin and eight cysteine residues are present in b-tubulin
(Krauhs et al. 1981; Ponstingl et al. 1981). One or more of
these cysteine residues have been shown to be important
for tubulin assembly (Bai et al. 1989; Luduena and Roach
1991; Hosono et al. 2005). Apart from tubulin, cysteine
plays crucial roles in functional properties of many other
proteins. For example, the mutation of Cys-129 to serine in
E. coli K1 CMP-NeuAc synthase caused the enzyme to
become more sensitive to heat and chemical denaturation
without affecting the structure as such (Zapata et al. 1993).
Cysteine residues have also been observed to be very
important in case of ion-conducting channels, aquaporins,
and amino acid transporters (Kuwahara et al. 2000; Boado
et al. 2005; Martial et al. 2007). Three cysteine residues,
C462, C583, and C588, were found to be essential for
chloride ion conductance of the trout anion exchanger 1
(tAE1), and C462 was found to be important for plasma
membrane expression of tAE1 (Martial et al. 2007).
Mutation of Cys-88 and Cys-439 of LAT1 light chain
altered amino acid transport (Boado et al. 2005). In the case
of a water channel AQP-CE2 in Caenorhabditis elegans,
Cys-132 was found to be a mercury-sensitive site and was
estimated to take part in the formation of the aqueous pore
of the channel (Kuwahara et al. 2000).

In the present study, we investigated the role of the
single cysteine residue (C155) of MtbFtsZ on its assembly
properties using three complimentary approaches, namely
site-directed mutagenesis of the cysteine residue, chem-
ical modification of MtbFtsZ by thiol reactive agents 5,59-
dithiobis-(2-nitrobenzoic acid) (DTNB), or by HgCl2. We
found that the C155 residue plays an important role in the
assembly of MtbFtsZ. Since the perturbation of FtsZ
assembly leads to the inhibition of bacterial cell division
(Addinall et al. 1996; Margolin 2005), it is tempting to
propose that the C155 of MtbFtsZ may be a potential anti-
tubercular drug target.

Results

HgCl2 inhibited the assembly of MtbFtsZ

MtbFtsZ has a single cysteine residue at position 155.
HgCl2, a known cysteine-chelating agent, was used to
examine the role of cysteine residue in the polymerization
of MtbFtsZ. HgCl2 decreased the polymerized mass of
MtbFtsZ in a concentration-dependent manner (Fig. 1).
For example, in the absence and presence of 12 mM

HgCl2, 77 6 5% and 30 6 1% of the total MtbFtsZ were
pelleted as polymers, respectively. The polymerized mass
of MtbFtsZ was decreased by 32.8 6 4%, 44.3 6 2%, and
60.9 6 2% in the presence of 4, 6, and 12 mM HgCl2,
respectively (Fig. 1). If the lone cysteine residue of
MtbFtsZ were the target of HgCl2, then it is logical to
think that the presence of excess free sulfhydryl groups
will suppress the inhibitory effects of HgCl2 on the
assembly of MtbFtsZ. To test the idea, MtbFtsZ (6 mM)
was incubated without or with 30 mM 2-mercaptoethanol,
and then the protein mixtures were polymerized in the
absence or presence of different concentrations of HgCl2.
Under the experimental conditions used, 2-mercapto-
ethanol (30 mM) alone had no detectable effect on the
assembly of MtbFtsZ. For example, 79.6 6 7% and 79.9
6 6% of MtbFtsZ were pelleted down in the absence and
presence of 30 mM 2-mercaptoethanol, respectively. In
the absence of 2-mercaptoethanol, HgCl2 (6 mM)
decreased the polymer mass of MtbFtsZ by 46.3 6 4%.
However, HgCl2 had a minimal inhibitory effect on the
assembly of MtbFtsZ in the presence of 30 mM 2-
mercaptoethanol. For example, in the presence of 2-
mercaptoethanol, HgCl2 (6 mM) inhibited polymerized
mass of MtbFtsZ by ;5%. The data suggested that HgCl2
inhibited the assembly of MtbFtsZ by chelating the
cysteine residue of the protein. To examine further
whether Hg2+ exerted its inhibitory effects on the assem-
bly of MtbFtsZ through its cysteine residue, we deter-
mined the effects of HgCl2 on the assembly of E. coli
FtsZ (EcFtsZ), which does not contain a cysteine residue.
EcFtsZ (6 mM) was polymerized in the absence and
presence of different concentrations of HgCl2. HgCl2 had
no detectable effect on the assembly of EcFtsZ. For
example, the polymeric mass of EcFtsZ in the absence
and presence of 4, 6, and 12 mM HgCl2 was found to be
38 6 1.3%, 40 6 1.0%, 40 6 1.1%, and 40.1 6 1.0%,
respectively. The results together indicated that HgCl2
inhibited the assembly of MtbFtsZ by chelating its
cysteine residue.

Figure 1. HgCl2 reduced the assembled mass of MtbFtsZ. MtbFtsZ (6 mM)

was polymerized in the absence and presence of different concentrations

(4, 6, and 12 mM) of HgCl2.

Role of cysteine 155 in MtbFtsZ assembly
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In the absence of HgCl2, MtbFtsZ formed linear
protofilaments and bundles (Fig. 2 top panel). In the
presence of 6 mM HgCl2, the number of protofilaments
per field of view decreased significantly and some
aggregates were also observed (Fig. 2 middle panel). In
the presence of 12 mM HgCl2, aggregates of MtbFtsZ
were predominantly found and no protofilament-like
structure was visible (Fig. 2 bottom panel). The results
suggested that the cysteine residue of MtbFtsZ is impor-
tant for the assembly of FtsZ into protofilaments.

HgCl2 decreased the secondary structural content
of MtbFtsZ

HgCl2 perturbed the far-UV CD spectra of MtbFtsZ
(Fig. 3A). For example, the CD signal (222 nm) of
MtbFtsZ was decreased by 18 6 1% in the presence of
6 mM HgCl2 as compared to the control, indicating that
HgCl2 altered the helical structure of FtsZ.

HgCl2 induced conformational change in MtbFtsZ

MtbFtsZ does not contain a tryptophan residue. It has
been shown that a hydrophobic fluorescent probe 1-
anilinonaphthalene-8-sulfonic acid (ANS) binds to FtsZ
(Yu and Margolin 1998). The FtsZ–ANS complex fluo-
rescence has been used to monitor the conformational
change in FtsZ (Santra and Panda 2003; Mukherjee
et al. 2005). Therefore, conformational change of FtsZ
in the presence of HgCl2 was probed by monitoring
MtbFtsZ–ANS fluorescence, as HgCl2 had no affect
on the fluorescence spectra of free ANS in the absence
of FtsZ. The fluorescence intensity of ANS in the
presence of MtbFtsZ increased with increasing concen-
tration of HgCl2, indicating that HgCl2 induces conforma-
tional change in MtbFtsZ (Fig. 3B). For example, the
fluorescence intensity of MtbFtsZ–ANS complex at
470 nm was found to be 43 and 112 (a.u) in the absence
and presence of 6 mM HgCl2, respectively.

Figure 2. HgCl2 altered morphology of MtbFtsZ polymers. MtbFtsZ was

polymerized and negatively stained using 2% uranyl acetate. Shown are

MtbFtsZ polymers in the absence (A) and presence of 6 mM (B) and 12 mM

(C) HgCl2, respectively. Arrowheads are showing aggregates. Scale bar is

200 nm.

Figure 3. Effect of HgCl2 on the conformation of MtbFtsZ. (A) MtbFtsZ

was incubated in the absence and presence of different concentrations of

HgCl2 at room temperature. Shown are the far-UV CD spectra of MtbFtsZ

in the absence (r) and presence of 3 mM (s) and 6 mM (d) HgCl2. (B)

MtbFtsZ (4 mM) in 25 mM HEPES buffer (pH 6.5) was incubated in the

absence and presence of different concentrations of HgCl2 at 25°C for

30 min. Then, the reaction mixtures were incubated with 100 mM ANS for

an additional 30 min. The fluorescence spectra of MtbFtsZ–ANS complex

in the absence (r) and presence of 1 mM (4), 2 mM (m), 4 mM (s), and

6 mM (d) HgCl2, respectively, are shown.
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Chemical modification of cysteine residue of MtbFtsZ
by DTNB inhibited MtbFtsZ assembly

MtbFtsZ (6 mM) was mixed with 200 mM DTNB and
the kinetics of the chemical modification of the protein
were monitored by measuring the absorbance of the
reaction mixture with time at 412 nm (Fig. 4). The
stoichiometry of incorporation of TNB per MtbFtsZ
molecule after 4 h of incubation was calculated to
be 0.71 6 0.06. DTNB-modified MtbFtsZ was polymer-
ized in the presence of 100 mM KCl, 5 mM MgCl2, and
1 mM GTP. Under the experimental conditions used,
the polymerized mass of TNB-MtbFtsZ was reduced by
70 6 8% compared to that of the native MtbFtsZ.
MtbFtsZ was treated similarly in the absence of DTNB
and no significant effect of dialysis on the assembly was
observed.

Effects of C155A–MtbFtsZ mutation on polymer mass

To check whether the cysteine155 has a role in the
assembly of MtbFtsZ, a mutant of MtbFtsZ (C155A)
was constructed by replacing the cysteine residue of
MtbFtsZ with an alanine residue. Increasing concentra-
tions (2–10 mM) of native and mutant FtsZ were poly-
merized to compare the polymer level of both the
proteins. There was a concentration-dependent increase
in polymer mass of both the proteins, but the polymer
mass of C155A was significantly lower compared to that
of the native MtbFtsZ. For example, with 10 mM
MtbFtsZ, 7.5 mM of total protein was polymerized,
whereas in the case of 10 mM C155A–MtbFtsZ only
3.8 mM of the total protein was sedimented as polymer
(Fig. 5).

The effect of C155A mutation on polymerization of
MtbFtsZ was further examined by monitoring light
scattering (Fig. 6A). Surprisingly, the extent of light
scattering signal for the mutant MtbFtsZ was fivefold

higher than that for the native protein, which was
apparently contradictory to the results obtained from the
sedimentation assay. This might be either due to the
formation of large polymers or due to the formation of
aggregates. The polymer morphology of both the native
and mutant proteins was analyzed using electron micro-
scopy (Fig. 6B). With native MtbFtsZ, long thin proto-
filaments as well as bundles of protofilaments were
observed, whereas, in the case of C155A, mostly aggre-
gates were observed. No protofilamentous structure was
detected with the mutated FtsZ, indicating that the
increase in the light scattering signal was due to the
formation of aggregates and not due to the polymerization
of C155A into protofilaments.

Differences in the far-UV CD spectra of the native and
mutant (C155A) MtbFtsZ indicated that the mutation of
C155 residue of MtbFtsZ altered the secondary structure
of the protein (Fig. 7A). Further, both mutant (C155A)
and native MtbFtsZ were incubated with a hydrophobic
probe ANS and the fluorescence intensity at 470 nm was
monitored. Fluorescence intensity of both the proteins
increased with increasing concentrations of ANS (Fig.
7B). However, the fluorescence intensity of C155A–
MtbFtsZ was higher than that of the MtbFtsZ, indicating
that the mutation caused an alteration in the structure of
MtbFtsZ (Fig. 7B).

Discussion

The present study suggests that the modification of the
lone cysteine residue (C155) of MtbFtsZ perturbs the
assembly of the protein. Under the assembly conditions
used in this work, native MtbFtsZ formed protofilaments
and bundles. However, both chemically modified
MtbFtsZ and mutant C155A–MtbFtsZ produced large

Figure 4. Kinetics of chemical modification of MtbFtsZ with DTNB. The

kinetics of labeling of MtbFtsZ with DTNB were monitored by measuring

the absorbance at 412 nm.

Figure 5. C155A mutation inhibited MtbFtsZ assembly. Different con-

centrations of MtbFtsZ (2–10 mM), both native and C155A, were

polymerized in the presence of 100 mM KCl, 5 mM MgCl2, and 1 mM

GTP for 30 min at 37°C. Dark gray bars show native MtbFtsZ and light

gray bars denote C155A MtbFtsZ.

Role of cysteine 155 in MtbFtsZ assembly
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aggregates rather than the typical protofilaments and
bundles. There are at least two possible reasons for the
impairment of the MtbFtsZ assembly upon cysteine
mutation or modification. Cysteine residues are shown
to play important roles in the folding of proteins (Branden
and Tooze 1999). C155 in MtbFtsZ might be involved in
proper folding of protein and the modification or the
mutation of the cysteine residue may induce a conforma-
tional change in MtbFtsZ (discussed below). A change in
conformation of MtbFtsZ upon cysteine modification
by HgCl2 was evident from the altered far-UV CD spectra
of MtbFtsZ and the increased fluorescence intensity of
MtbFtsZ–ANS complex in the presence of HgCl2 (Fig.
3A,B). Similar conformational changes were also
observed with C155A–MtbFtsZ.

An analysis of the sequence alignment of a number of
bacterial FtsZs suggested that C155 is highly conserved
among Mycobacterium species and indicated that the
cysteine residue is replaced by a valine residue in bacteria
other than the Mycobacterium. Further, a careful analysis
of the MtbFtsZ crystal structure (Fig. 8 top panel)
revealed that the side chain of C155 is pointing toward
the hydrophobic pocket and is surrounded by residues
like V98, A115, T125, G127, L151, and L158 (Fig. 8
bottom panel). The three-dimensional structure of the

protein is thus consistent with the occurrence of valine
at position 155 in FtsZ orthologs. In several other non-
pathogenic organisms, like Salinispora arenicola and
Corynebacterium glutamicum, a cysteine residue is pres-
ent at this position, indicating that the C155 is well
conserved.

MtbFtsZ has been reported to exist as dimers (Leung
et al. 2004). It is apparent from the crystal structure of
MtbFtsZ that the C155 is located at the loop between
helix H8 and strand b6 (Fig. 8 top panel). The detailed
examination of the C155 residue and its surrounding
amino acid residues in the reported three-dimensional
structure of MtbFtsZ (PDB: 1rlu) suggested that the side
chain of C155 is not pointing toward the surface of the
molecule; thus, it is possible that the C155 may not
participate in the intermolecular contacts. The cysteine
side chain is pointing into a hydrophobic pocket con-
stituted by residues V98, A115, T125, G127, L151, and
L158 (Fig. 8 bottom panel). The substitution of the C155
by an alanine may not disturb the monomer structure
radically as both cysteine and alanine have similar hydro-
phobicity, except that an alanine residue has a shorter side

Figure 6. C155A mutation in MtbFtsZ induced aggregate formation of

MtbFtsZ. (A) MtbFtsZ (native and mutant) were polymerized with 100 mM

KCl, 5 mM MgCl2, and 1 mM GTP at 37°C. Shown are the traces with

native (d) and C155A (s) MtbFtsZ. (B) Both native and mutant MtbFtsZ

were polymerized and negatively stained using 2% uranyl acetate. Scale

bar is 200 nm.

Figure 7. C155A mutation induced conformational change in MtbFtsZ.

(A) The far-UV CD spectra of 5 mM C155A mutant (s) and native (d)

MtbFtsZ in 25 mM sodium phosphate buffer, pH 7.0, are shown. One of

the six similar experiments is shown in the figure. (B) The binding of ANS

to native ()) and C155A (r) MtbFtsZ. MtbFtsZ (native and mutant) were

incubated without and with different concentrations of ANS (5–100 mM)

and the fluorescence spectra were recorded using 370 nm as the excitation

wavelength. The appropriate blanks were subtracted from the experimental

spectra.
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chain than a cysteine residue, which may cause a
destabilizing void or a cavity in the hydrophobic pocket.
It is thus possible that C155A mutation may induce a
conformational change in the FtsZ monomer. This is
consistent with the CD and ANS binding studies reported
in this study (Fig. 7). The conformational change may not
allow the mutant (C155A) FtsZ to form protofilaments.
Alternatively, the cysteine side chain may swing out and
get exposed on the surface of MtbFtsZ during the as-
sembly process and actively takes part in protofilament
formation. Chemical modifications or the mutation of the
C155 could perturb the surface conformation of MtbFtsZ
and inhibit its assembly.

The inhibition of MtbFtsZ polymerization due to the
mutation or the modification of cysteine residue contra-
dicts a previous report in which MtbFtsZ was labeled

using fluorophores (fluorescein-5-maleimide and tetra-
methylrhodamine-5-maleimide) (Chen et al. 2007). The
covalent modification of MtbFtsZ had minimal effects
on its assembly (Chen et al. 2007). The discrepancy in
the results might be due to several reasons. It has
been reported that maleimide groups react primarily
with free sulfhydryls at pH range of 6.5–7.5. However,
the reactivity of maleimide strongly increases for
amines at pH >7.5 (Bigelow and Inesi 1991; Haughland
2002) (http://www.piercenet.com/files/0359dh5.pdf). In
the previous study (Chen et al. 2007), MtbFtsZ was
labeled at pH 7.9. It is highly plausible that, at this
elevated pH, maleimides could modify one of the 12
lysine residues present in MtbFtsZ. We tested whether
fluorescein-5-maleimide (FM) at pH 7.9 could modify a
residue other than a cysteine residue in FtsZ using
EcFtsZ. If FM reacts only with the cysteine residue, it
should not chemically modify EcFtsZ because the protein
does not have a cysteine residue. We found that EcFtsZ
could be covalently modified with FM at pH 7.9. Under
the experimental conditions used, the stoichiometry of
FM incorporated per EcFtsZ was determined to be 0.3–
0.4. In addition, the polymerization ability of the FM-
modified EcFtsZ was found to be similar to that of the
native protein (data not shown). Therefore, it might be
possible that the lysine groups of MtbFtsZ were cova-
lently modified by the maleimide group instead of the
cysteine at pH 7.9 (reaction conditions used by Chen et al.
[2007]). Also the labeling efficiency reported in the
previous study was 30%–40%. Considering that both
lysines and cysteine were modified, the net effect of
modification on the assembly is expected to be minimal.
Though the cysteine-modified FtsZ predominantly forms
aggregates, the possibility that the cysteine-modified FtsZ
monomers can add to the protofilaments in low numbers
is difficult to rule out. We used the site-directed muta-
genesis approach to demonstrate that the cysteine residue
of MtbFtsZ plays an important role in the assembly of
MtbFtsZ. We found that, with C155A substitution, there
was a decrease in polymer mass and the mutant FtsZ
predominantly formed aggregates. Similar results were
obtained when HgCl2 and DTNB were used to modify the
cysteine residue.

Although it is tempting to think that the cysteine-
targeted agents may not have target specificity, several
studies suggested that cysteine residues may be considered
as important drug targets for cancer and viral diseases (Rice
et al. 1995; Huang et al. 1998; Ramboarina et al. 1999;
Shan et al. 1999; Scozzafava et al. 2000; Casini et al. 2002;
Hosono et al. 2005). For example, several cysteine-target-
ing agents such as 3 nitrosobenzamide derivatives, disulfide
benzamide, and dithianes are considered as potential drug
candidates for viral diseases (Rice et al. 1995; Huang
et al. 1998; Ramboarina et al. 1999; Casini et al. 2002).

Figure 8. C155 location on the crystal structure of MtbFtsZ dimer. (Top

panel) The position of C155 in MtbFtsZ. C155 is located between the helix

H8 and strand B6. Figure shows the location of GTPgS bound to MtbFtsZ

with respect to C155. Cyan and magenta colors show helices and sheets,

respectively. Cysteine is shown as yellow spheres and GTPgS as red

spheres. (Bottom panel) The environment around Cys-155. Shown as sticks

are residues within a sphere of 5.0 Å around the SG atom of Cys-155. Cys-

155 side chain atoms shown as yellow spheres are placed in the hydro-

phobic pocket defined by V98, A115, T125, G127, L151, and L158

residues. Figures were drawn with PyMOL (Delano Scientific) software

using a PDB coordinate file (code 1rlu).
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Similarly, T138067 (Shan et al. 1999) and arylsulfonyl-
N,N-diethyldithiocarbamates (Scozzafava et al. 2000),
which specifically bind to the cysteine residues of b-
tubulin, have been projected as potent antitumor agents.
In addition, an antimitotic drug 2,4-dichlorobenzyl thio-
cyanate, was shown to inhibit tubulin assembly at sub-
stoichiometric concentrations by specifically targeting
Cys-239 of b-tubulin (Bai et al. 1989).

Recent evidences suggest that the perturbation of FtsZ
assembly by natural or synthetic small molecules inhibits
bacterial proliferation, suggesting that FtsZ can be con-
sidered as an attractive antibacterial target (Margalit et al.
2004; Beuria et al. 2005; Jaiswal et al. 2007; Rai et al.
2007). To our knowledge, this is the first report suggest-
ing that the cysteine 155 plays an important role in the
assembly of MtbFtsZ. On the basis of findings of the
present study, one can speculate that the region around
cysteine residue in MtbFtsZ may play a critical role in
regulating FtsZ assembly and the Z-ring formation in vivo
in M. tuberculosis. This introduces an interesting possi-
bility of using sulfhydryl-directed agents to specifically
inhibit the assembly of FtsZ in M. tuberculosis.

Materials and Methods

Reagents

HEPES (N-[2-Hydroxyethyl]piperazine-N9-[2-ethanesulfonic
acid]), isopropyl-b-D-thiogalactopyranoside (IPTG), mono-
sodium glutamate, guanosine-59-triphosphate (GTP), 5,59-dithio-
bis-(2-nitrobenzoic acid) (DTNB), 2-mercaptoethanol were
obtained from Sigma. HgCl2 was purchased from Merck.
Fluorescein-5-maleimide and 1-Anilinonaphthalene-8-sulfonic
acid (ANS) were purchased from Molecular Probes. All other
chemicals used were of analytical grade.

Expression and purification of MtbFtsZ
and C155A–MtbFtsZ

Site-directed mutagenesis and sequencing of the mutant
C155A–MtbFtsZ were performed commercially by Bangalore
Genei. Nucleotide sequence of the mutant plasmid was con-
firmed with the help of Macrogen. Both native and mutant
proteins were overexpressed and purified as described earlier
(Jaiswal et al. 2007). FtsZ concentration was measured by the
Bradford method using bovine serum albumin as a standard and
stored at �80°C. Protein was thawed and spun at high speed to
remove aggregates prior to use. The purity of FtsZ was
estimated to be ;98% from a Coomassie stained sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

Chemical modification of MtbFtsZ with DTNB

DTNB was prepared in 25 mM phosphate buffer (pH 7.0).
MtbFtsZ (20 mM) in 25 mM HEPES buffer, pH 7.0, was
incubated with 200 mM DTNB at 4°C for 4 h. Incorporation
ratio of DTNB to MtbFtsZ was determined by dividing the

bound TNB concentration by the concentration of MtbFtsZ. The
bound TNB concentration was determined by measuring the
absorbance of free TNB� at 412 nm using molar extinction
coefficient of 12,800 M�1cm�1. Then, the protein mixture was
dialyzed in 25 mM HEPES buffer, pH 6.5 for 7 h to remove the
free TNB�. Protein concentration was measured by the Bradford
method (Bradford 1976) and the labeled protein was used for the
polymerization reaction as described earlier.

Chemical modification of EcFtsZ
with fluorescein-5-maliemide

Fluorescein-5-maliemide (FM) was prepared in dimethylform-
amide (DMF). EcFtsZ (15 mM) in 25 mM Tris buffer, pH 7.9,
was incubated with 10-fold higher concentration (150 mM)
of FM for 4 h on ice. Reaction mixture was passed through a
pre-equilibrated Biogel P-6 column and then dialyzed exten-
sively for 24 h in 25 mM HEPES buffer, pH 7.9, containing
100 mM KCl and 5 mM MgCl2 to remove the free probe.
EcFtsZ concentration was measured by Bradford assay and FM
concentration was measured by taking absorbance at 492 nm
using 83,000 M�1cm�1 as molar absorbance coefficient. Incor-
poration stoichiometry was calculated by dividing the FM
concentration in the labeled EcFtsZ by the protein concentra-
tion. Incorporation ratio (FM per EcFtsZ molecule) was found to
be 0.3–0.4.

Sedimentation assay

Native and mutant MtbFtsZ (6 mM) were polymerized in 25 mM
HEPES buffer, pH 6.5, containing 100 mM KCl, 5 mM MgCl2,
and 1 mM GTP at 37°C for 30 min. Reaction mixture was then
centrifuged at 227,000g for 30 min at 30°C. The protein con-
centration in the supernatant was measured by the Bradford
method. Protein concentration in the pellet was calculated by
subtracting the supernatant protein concentration from the total
protein concentration.

MtbFtsZ (6 mM) was incubated in the absence and presence
of 4, 6, and 12 mM HgCl2 on ice for 10 min in 25 mM HEPES
buffer, pH 6.5, and polymerized as described earlier.

Effect of HgCl2 on the assembly of MtbFtsZ
in the presence of 2-mercaptoethanol

FtsZ was first incubated without or with 30 mM 2-mercapto-
ethanol for 30 min on ice. Then, 6 mM HgCl2 was added to the
reaction milieu and incubated for an additional 30 min. After the
incubation, the reaction mixture was polymerized by adding
100 mM KCl, 5 mM MgCl2, and 1 mM GTP at 37°C for 30 min.
Reaction mixtures were centrifuged at 227,000g for 30 min at
30°C. Protein concentration in the pellet was determined.

Light scattering assay

Native and mutant MtbFtsZ (6 mM) were prepared in 25 mM
HEPES buffer, pH 6.5, 100 mM KCl, and 5 mM MgCl2. After
the addition of 1 mM GTP, the sample was immediately placed
in a cuvette at 37°C and the polymerization reaction was
followed by monitoring 90° light scattering at 400 nm using a
JASCO 6500 spectrofluorometer.
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Electron microscopy

MtbFtsZ (6 mM) in 25 mM HEPES buffer containing 100 mM
KCl and 5 mM MgCl2 was polymerized in the presence of GTP at
37°C for 30 min. The FtsZ polymers in the samples were fixed
with prewarmed 0.5% glutaraldehyde for 5 min. FtsZ polymer
solution (50 mL) was placed on the carbon-coated copper grids
(300 mesh size) and then blotted dry. The grids were subsequently
subjected to negative staining by 1% uranyl acetate solution and
air-dried. The samples were examined using a FEI Tecnai-G2 12
electron microscope (Jaiswal et al. 2007). In the case of HgCl2-
treated samples, MtbFtsZ was incubated without and with different
concentrations of HgCl2 prior to polymerization.

Secondary structure studies with HgCl2

Sodium phosphate buffer (25 mM, pH 7.0) was degassed for
optimum transparency and was further cleared by passing it
through 0.2 mm syringe filter (Millipore). MtbFtsZ was incu-
bated in the absence and presence of 3 and 6 mM HgCl2 for
10 min at room temperature. The secondary structure was
monitored over the wavelength range of 200–250 nm using a
0.1-cm path length cuvette and the ellipticity was determined at
222 nm. A spectral bandwidth of 10 nm and time constant of 1 s
were used for all measurements. Each spectrum was recorded
using an average of five scans. The CD spectra of 5 mM C155A–
MtbFtsZ were also recorded in the similar way.

ANS fluorescence measurement

Native MtbFtsZ (4 mM) in 25 mM HEPES buffer (pH 6.5) was
incubated in the absence and presence of increasing concen-
tration (1, 2, 4, and 6 mM) of HgCl2 at 25°C for 30 min. Further,
100 mM ANS was added to all the reaction mixtures and
incubated for additional 30 min. Fluorescence spectra were
recorded using JASCO FP-6500 fluorescence spectrophotome-
ter. An appropriate blank spectrum of free ANS was subtracted
from the respective experimental spectrum. A quartz cuvette of
0.3-cm path length was used for all experiments, and 5 nm and
10 nm were used as excitation and emission bandwidths,
respectively. MtbFtsZ–ANS fluorescence was monitored using
370 nm as the excitation wavelength and recording the emission
spectrum over the range of 410–550 nm.

Native or mutated MtbFtsZ (6 mM) in 25 mM HEPES buffer
(pH 6.5) was incubated with different concentrations (5, 10,
25, 50, 75, 100 mM) of ANS at room temperature for 30 min.
Fluorescence spectra were recorded using 370 nm as an
excitation wavelength.
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